Two aldimine bonds have been shown to be present as stabilizing cross-links in intact collagen fibres from soft tissues: dehydrohydroxylysinonorleucine as a major component and dehydrolysinonorleucine being present in trace quantities. In the highly insoluble collagens less dehydrohydroxylysinonorleucine is present but the proportion of dehydrolysinonorleucine increases. In elastin the latter aldimine is reduced in vivo to give a more stable cross-link but no comparable reduction could be detected with either of the aldimines present in collagen.
The rapid decrease in the proportion of the intermolecular cross-link dehydrohydroxylysinonorleucine in collagen fibres with increasing age of the tissue (Bailey, 1969) suggested that the aldimine bond form ofthe cross-link existed as an intermediate in native collagen and was subsequently stabilized by further reaction. A possible mode of stabilization would be by reduction in vivo of the aldimine bond, resulting in the formation of hydroxylysinonorleucine. This pathway appears to occur in elastin, where the presence of both lysinonorleucine and its aldimine bond form dehydrolysinonorleucine have been clearly established (Lent & Franzblau, 1967) . The presence of lysinonorleucine has been reported in reduced reprecipitated collagen fibrils (Kang, Faris & Franzblau, 1970; Tanzer & Mechanic, 1970) and in the insoluble tissues of teleosts (Bailey, 1970) .
Our initial studies with highly soluble collagen, such as rat tail tendon, indicated that lysinonorleucine was not detectable in the reduced tissues. The present paper reports the identification of lysinonorleucine as a minor component present on reduction of the less soluble collagens, and in addition describes attempts to identify hydroxylysinonorleucine and lysinonorleucine in non-reduced collagen.
METHODS AND EXPERIMENTAL

Preparation of intact collagenfibres
Achilles tendons from calves and a 12-year-old bovine were prepared as described by Bailey, Peach & Fowler (1970a) . Intervertebral discs, nasal cartilage and scapula were carefully dissected from a 1-day-old calf. The intervertebral disc and the non-calcified portion of the scapula were shredded into small uniform slices by using a Surform (Stanley Tools Ltd., Eltham, London S.E.9, U.K.). The shredded collagen was then homogenized in saline (0.9% NaCl, pH7.4) with a Polytron Homogenizer (Northern Media Co., Hull, U.K.) and washed with copious amounts of saline, and the insoluble collagen fibres were isolated by centrifugation.
Reduction and analysis of the collagenfibres
The reduction of the intact collagen fibres was carried out with KB3H4 as detailed by Bailey et al. (1970a) . After hydrolysis in constant-boiling HCI for 24 h the hydrolysate was analysed on the Technicon AutoAnalyzer with pyridine-formate as the volatiile buffer system and the 3H radioactivity measured with a Packard model 3375 scintillation counter. (Bailey et al. 1970a ).
Identification of the radioactive reducible components.
Two of the radioactive components (peaks I and II) eluted from the Technicon AutoAnalyzer ( identified by comparison with the chromatographic properties of known standards by employing electrophoresis, paper chromatography and the Beckman amino acid analyser. The two standards, hydroxylysinonorleucine and lysinonorleucine, were synthesized by a coupling reaction of 5-8-bromobutylhydrantoin with hydroxylysine (Bailey & Peach, 1968) and lysine (Franzblau, Faris & Papioannou, 1969) respectively. On the basis of chromatographic evidence peaks I and II were provisionally identified as hydroxylysinonorleucine and lysinonorleucine respectively. On completion of the preliminary identification the components under the peaks were isolated from several runs to collect sufficient quantities to permit confirmation of identification by mass spectrometry.
Mass 8pectra of ly8inonorleucine. The pure isolated component (peak II) was converted into the volatile trifluoroacetyl methyl ester by using the technique employed by Franzblau et al. (1969) . The mass spectrum was recorded on an L.K.B. 9000 GC-MS by employing direct insertion of the sample into the ion source at 50°C and 48eV. An accurate m/e value of 591.16 was obtained by peak-matching against perfluorokerosine.
The mass ion and fragmentation pattern were identical with that obtained from the trifluoroacetyl derivative of the chemically synthesized lysinonorleucine.
Chemical synthesis of reduced cro8s-link8. (1) Lysinonorleucine. A 50mg sample of N'-benzyloxycarbonyl-Llysine methyl ester (Mann Research Laboratories Inc., New York, N.Y., U.S.A.) was dissolved in trifluoroacetic anhydride (0.5ml) and left at room temperature for 3h. The solvent was evaporated in vacuo at 50C. The product, NE-benzyloxycarbonyl-NI-trifluoroacetyl-L-lysine methyl ester, was dissolved in methanol (5ml), a few drops of acetic acid were added and the mixture was hydrogenated over 1047 Pd-charcoal catalyst for 1 h at room temperature. After evaporation of solvent the resulting Nltrifluoroacetyl-lysine methyl ester was condensed with 5-8-bromobutylhydantoin (44mg) in tetrahydrofuran (5ml) andtriethylamine (0.05ml) byrefiuxingfor 24 h (Franzblau et al. 1969 ). The reaction mixture was then cooled, filtered and evaporated to dryness, and the residue was hydrolysed with 2m-NaOH (2ml) for 17h at 105°C. The resultant lysinonorleucine was obtained pure by isolation from the Beckman amino acid analyser.
(2) Hydroxylysinonorleucine. This compound was synthesized by the procedure detailed by Bailey & Peach (1968) .
Reduction of cartilage and disc collagen
Collagen fibres from tissues such as cartilage and intervertebral disc are much less soluble than calf tendon collagen and comparison of their reduction pattern is therefore of considerable interest. The intervertebraldisc collagen (Fig. lb) showed a reversal in the relative proportions of hydroxylysinonorleucine and the cross-linking component designated syndesine (Bailey et al. 1970a ). The change in proportion of these components was even more marked with cartilage collagen (Fig. lc) the pattern approaching that of completely insoluble bone collagen (Bailey et al. 1970a) . In both tissues the amount of lysinonorleucine increased significantly.
Examination of native collagen for the presence of hydroxylysinonorleucine and lysinonorleucine A 250g portion of bovine achilles tendon prepared as described above was hydrolysed and applied to a series of three cation-exchange displacement columns, the details of which have been reported by Bailey et al. (1970a) . Paper chromatography of the fractions permitted location of the normal amino acids and, by employing these as a guide, fractions were collected over the range where hydroxylysinonorleucine and lysinonorleucine are known to be displaced. These fractions were concentrated and further purified on the Technicon AutoAnalyzer. The fractions eluted just before hydroxylysine (location of hydroxylysinonorleucine, Fig. 1 ) and those between hydroxylysine and lysine (location of lysinonorleucine) were collected from several runs and further analysed on the Beckman amino acid analyser and by electrophoresis.
The material was analysed by more than one technique to avoid confusion with the other possible contaminants; e.g. lysinonorleucine and galactosamine possess the same mobility on the Beckman amino acid analyser but clearly separate on electrophoresis and paper chromatography.
Neither hydroxylysinonorleucine nor lysinonorleucine could be detected in the final concentrates. From the sensitivity of the Beckman analyser this sets a detection limit of less than one cross-link/100 collagen molecules. We may therefore conclude that these compounds are absent from intact collagen, and even from collagen fibres from old animals.
DISCUSSION
Analysis of collagen stabilized by borohydride reduction has resulted in the identification of a number of new amino acids, the structures of which support our belief that in their non-reduced form they act as intermolecular cross-links or as the precursors to more complex cross-links (Bailey & Peach, 1968; Bailey, Peach & Fowler, 1970b) .
The structure of lysinonorleucine suggests that it may exist in the native fibre before reduction as dehydrolysinonorleucine. Thus collagen fibres may contain an equilibrium of a number of intermediate aldimine and aldol interchain cross-links based on the reactions of lysine-and hydroxylysine-derived aldehydes. Dehydrolysinonorleucine presumably arises by reaction of the allysine residue in the Nterminal telopeptide region (Bornstein & Piez, 1966) , but the location of the lysine residue is unknown. The absence of lysinonorleucine from reduced tropocollagen suggests that the cross-link is an intermolecular bond, but its actual location must await further studies.
The virtual absence of lysinonorleucine from reduced rat tail tendon and the barely detectable amounts in calf tendon suggest that the cross-link does not contribute significantly to the stability of the intact collagen fibres of the more soluble tissues. The apparently significant amounts detected in reduced reprecipitated collagen fibrils from calf skin (Kang et al. 1970; Tanzer & Mechanic, 1970) may be due to the less precise alignment of the reprecipitated fibrils, thuspermittingcondensationof allysine with lysine residues normally sterically restricted.
The reason for the increasing proportion of lysinonorleucine in the less-soluble tissues poses a number of questions. The enzymic hydroxylation of the specific lysines normally involved in the formation of hydroxylysinonorleucine may be affected in these rapidly cross-linking fibres, but further knowledge of the time-sequence of these events is required before definite proposals can be made.
A more positive finding is that examination of non-reduced collagen failed to demonstrate the presence of either hydroxylysinonorleucine or lysinonorleucine, and it would appear that stabilization by reduction ofthe aldimine double bond in vivo does not take place in collagen. In contrast, stabilization of dehydrolysinonorleucine by reduction in vivo apparently occurs quite readily in elastin, the reduced form being present in approximately four times the amount of the aldimine bond form. Had a similar biological reduction taken place with the aldimine bonds in collagen it is unlikely that we would have failed to detect it. It was in fact shown that the concentration of the reduced form must be less than lmol for every lOOmol of collagen and it can thus be regarded as being absent in significant concentration.
The stabilization by reduction in vivo of dehydrohydroxylysinonorleucine and to a much smaller extent dehydrolysinonorleucine would have readily accounted for the increased stability of the less soluble and older tissues. We now have to consider other possible modes of stabilization of these labile intermediate aldimine cross-links.
